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Measurement of t h e  magnetic p r o p e r t i e s  of m e t e o r i t e s  and l u n a r  samples 

a t  room tempera ture  are r e l a t i v e l y  s t r a igh t - fo rward  and unambiguous (Gose and 

o t h e r s ,  1972; Brecher and Morash, 1974; Nagata and o t h e r s ,  1972, 1974; Watson 

and o t h e r s ,  1974; Pearce and o t h e r s ,  1974; F u l l e r  1974; Runcorn and o t h e r s ,  

1971; Baner jee  and Hargraves, 1972; Brecher and Ranganayaki, 1975; B u t l e r ,  

1972; Gus'kova, 1963; Herndon- and o t h e r s ,  1976; Larson and o t h e r s ,  1973, 1974; 

Nagata, 1978; Nagata and Sugiura ,  1976; S tacy  and o t h e r s ,  1961; and Watson and 

o t h e r s ,  1975). 

Almost a l l  s t u d i e s  s u b s t a n t i a t e  t h e  f a c t  t h a t  ex t ra te r res t r ia l  materials 

g e n e r a l l y  c o n t a i n  an  e a s i l y  measurable remanent magnet iza t ion ,  bu t  i t  is  n o t  

always clear how t h e  remanence w a s  acqui red .  In  t h e  case  of l u n a r  b a s a l t s  i t  

can be argued t h a t  t h e  magnetism i s  a TRM acqu i red  dur ing  i n i t i a l  coo l ing .  

However, because n e a r l y  a l l  l u n a r  samples are fragments of p r e e x i s t i n g  rock  

u n i t s  d i saggrega ted  c a t a s t r o p h i c a l l y  du r ing  a m e t e o r i t e  impact even t ,  t h e r e  

e x i s t s  t h e  real p o s s i b i l i t y  t h a t  t he  o r i g i n a l  remanence has been modified o r  

l a r g e l y  o v e r p r i n t e d  du r ing  shock even t s  ( F u l l e r ,  1974). Brecher (1976) and 

Brecher  and o t h e r s  (1975) have gone so f a r  as t o  s a y  t h a t  a l l  l u n a r  samples 

have been ove rp r in t ed  t o  some degree by shock remanent magnet iza t ion  (SRM). 

On the o t h e r  hand, s e v e r e  shocking can l e a d  t o  momentary e l e v a t i o n  of t h e  rock  

t o  tempera tures  above t h e  C u r i e  p o i n t s  of t h e i r  conta ined  magnetic phases and 

can ,  t h e r e f o r e ,  l e a d  t o  TRM o r  pTRM a c q u i s i t i o n  du r ing  subsequent cool ing .  

Seve re ly  shocked l u n a r  b r e c c i a ,  t h e r e f o r e  may c o n t a i n  a r e l a t i v e l y  s i m p l e  TRM. 

I f  shocking o r  near -sur face  hea t ing  l e a d s  t o  chemical change i n  t h e  rock  

t h e r e  is  always t h e  p o s s i b i l i t y  of t h e  development of chemical remanent 

magne t i za t ion  (CRM). I n  some carbonaceous c h o n d r i t e s  i t  is  clear t h a t  some of 

t h e  magne t i t e  has grown by some s o r t  of gas-phase c r y s t a l l i z a t i o n  a t  low 

t empera tu re  and probably ,  i n  t h e  p rocess ,  acqu i r ed  CRM. Many carbonaceous 

c h o n d r i t e s  have never been s u b j e c t e d  t o  e l e v a t e d  tempera tures  and i t  must be 

assumed t h a t  t h e i r  remanence must, r e p r e s e n t  some s o r t  of DRM (Nagata, 1961), 

IRM, CRM o r  a combination t h e r e o f .  

In s p i t e  of t h e  many p o s s i b l e  mechanisms f o r  remanence a c q u i s i t i o n  i n  

e x t r a t e r r e s t r i a l  materials, most i n v e s t i g a t o r s  are of t h e  opin ion  t h a t  t h e  

remanence i n  some samples ,  p a r t i c u l a r l y  t h e  h igh -coe rc iv i ty  p o r t i o n ,  i s  a t r u e  

TRM. T h i s  i s  based p r i m a r i l y  on t h e  c h a r a c t e r  of decay du r ing  a l t e r n a t i n g  

1 



f i e l d  (a.f .1 demagnetization and t h e  c o e r c i v i t y  spectrum. I f  t h a t  i s  s o ,  

t hen  t h e s e  samples have t h e  p o t e n t i a l  of p rov id ing  d a t a  from which estimates 

can  be made of t h e  i n t e n s i t y  of t h e  a n c i e n t  magnetic f i e l d  i n  which t h e  rocks  

acqu i r ed  t h e i r  magnetism. 

correspond t o  t h e  t i m e  of rock  o r i g i n  which can be r a d i o m e t r i c a l l y  da t ed .  

In  many cases ,  t h e  t i m e  of TRM a c q u i s i t i o n  w i l l  

Valid p a l e o i n t e n s i t y  f i g u r e s ,  i f  a v a i l a b l e ,  are c r u c i a l  t o  t h e  

fo rmula t ion  of v i a b l e  t h e o r i e s  concerning t h e  e a r l y  development of t h e  

nebu la r ,  s o l a r ,  and earth-moon systems. Undoubtedly, such  estimates r e p r e s e n t  

t h e  most s i g n i f i c a n t  magnetic in format ion  t h a t  can be ob ta ined  from 

ex t ra te r res t r ia l  rocks. 

Based on t h e  acceptance  of TEW i n  ex t ra te r res t r ia l  samples,  many 

workers,  us ing  m e t e o r i t e  and l u n a r  samples, have made p a l e o i n t e n s i t y  e s t i m a t e s  

(Co l l in son  and o t h e r s ,  1973; Gose and o t h e r s ,  1973; Baner jee  and Mellema, 

1974a, 1974b; Co l l in son  and o t h e r s ,  1975; F u l l e r ,  1974; Stephenson and 

Co l l in son ,  1974; Stephenson and o t h e r s ,  1977; Cisowski and o t h e r s ,  1977; 

Sugiura  and o t h e r s ,  1978; Baner jee  and Hargraves, 1972; B u t l e r ,  1972; Nagata, 

1929; Brecher ,  1972; Baner jee  and Mellema, 1972; S tacey  and o t h e r s ,  1961; 

Brecher ,  1977; Nagata and Sugiura ,  1979, Weavery, 1962; Gus'kova, 1963; 

Gorshkov and o t h e r s ,  1975; Brecher and Ranganayaki, 1975). 

For o rd ina ry  c h o n d r i t e s ,  e s t i m a t e s  g e n e r a l l y  range between 0.1 and 0.4 

O e ;  f o r  a c h o n d r i t e s  around 0.1 O e ;  and f o r  carbonaceous c h o n d r i t e s  n e a r  1 Oe.  

I r o n  m e t e o r i t e s ,  f o r  s e v e r a l  r easons ,  appear  t o  be unusable f o r  p a l e o i n t e n s i t y  

a n a l y s i s .  Nagata (1979) concludes  t h a t  t h e  p o s t u l a t e d  va lues  r e p r e s e n t  l i k e l y  

magnetic f i e l d s  when t h e  m e t e o r i t i c  material formed about  4.5 X 10 yea r s  ago. 

I n  t h e  case of t h e  a c h o n d r i t e s  the f i e l d  may have been t h e  r e s u l t  of a s e l f -  

g e n e r a t i n g  dynamo i n  t h e  metall ic core  of a p r i m o r d i a l  p l a n e t .  

t h e  o t h e r  m e t e o r i t e s ,  a l t hough  somewhat p r o b l e m a t i c a l ,  he  sugges t s  t h a t  t h e  

f i e l d  may have stemmed from t h e  presence  of a p r i m o r d i a l  s o l a r  wind. 

9 

In  t h e  case of 

P a l e o i n t e n s i t y  estimates of l u n a r  samples range from about  0.015 t o  1.5 

O e .  I n  some cases i n v e s t i g a t i o n  of sub-samples from t h e  same p a r e n t  s a m p l e ,  

by two d i f f e r e n t  r e s e a r c h  groups ,  has r e s u l t e d  i n  g r e a t l y  d i v e r g e n t  estimates. 

To d a t e ,  e s t i m a t i o n  of p a l e o i n t e n s i t i e s ,  bo th  of m e t e o r i t e s  and l u n a r  

rocks ,  h a s  p r i n c i p a l l y  r e s u l t e d  from a p p l i c a t i o n  of 1 )  some form of t h e  

T h e l l i e r  method ( T h e l l i e r  and T h e l l i e r ,  1959), 2)  ARM methods (Baner jee  and 

Mellema, 1974a; Stephenson and Co l l in son ,  1974; Co l l in son  and o t h e r s ,  1973) o r  
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3) NRM vs. IRM ( F u l l e r ,  1974). If the  remanence is  t r u l y  a TRM, i t  would seem 

reasonab le  t h a t  t h e  The l l i e r - type  methods, i nvo lv ing  h e a t i n g  only ,  would be 

t h e  most advantageous. 

a p p l i c a t i o n  t o  h i s t o r i c  l ava  f lows  (Coe and Grommd, 1973; Khodair and Coe, 

1975; Coe and o t h e r s ,  1978, Watson, pe r sona l  communication, 1977). It is 

clear  from t h e  r e s u l t s  t h a t  t h e  method does no t  always work, and, moreover, 

t h e  reasons  f o r  i t s  f a i l u r e  are n o t  always s i m p l e  t o  determine. In  most 

cases, some type of chemical a l t e r a t i o n  ( f o r  example, unmixing of magnetic 

phases ,  o x i d a t i o n ,  r e d u c t i o n ,  r e e q u i l i b r a t i o n  of phases)  seemed t o  occur 

du r ing  t h e  v a r i o u s  h e a t i n g  and cool ing  s t e p s  t o  which t h e  sample  was 

sub jec t ed .  

Ac tua l ly ,  only t h i s  technique  h a s  been t e s t e d  through 

It w a s  i n  response  t o  these problems t h a t  the ARM method w a s  devised .  

It has  p o t e n t i a l  u t i l i t y  bu t  has thus f a r  never  real ly  been meaningfully 

t e s t e d .  Moreover, some cri t ics have r a i s e d  s e r i o u s  q u e s t i o n s  concerning t h e  

fundamental  v a l i d i t y  of t h e  method (Levi ,  1974; Dunlop and o t h e r s ,  1975) and 

even some of t h e  people us ing  t h e  method (Co l l in son  and o t h e r s ,  1975) have 

commented on some of i t s  u n c e r t a i n t i e s .  Moreover, a t  l eas t  one h e a t i n g  step-- 

t o  h i g h  temperatures--is necessa ry  dur ing  a p p l i c a t i o n  of t h e  method. 

The method of comparing IJRM vs. s a t u r a t i o n  IRM circumvents some of the  

problems of t h e  p rev ious  two techniques  but  i s  capable  of provid ing  on ly  a 

rough order-of -magnitude estimate. 

Because t h e  T h e l l i e r - t y p e  methods have been t e s t e d  and have been shown 

t o  be a p p l i c a b l e  t o  some t e r r e s t r i a l  rocks ,  i f  d e l e t e r i o u s  e f f e c t s  du r ing  

h e a t i n g  can be minimized, most pa leomagnet i s t s  tend  t o  f a v o r  t h i s  method and 

p u t  more t r u s t  i n  t h e  r e s u l t s .  Unfor tuna te ly ,  m e t e o r i t i c  and l u n a r  samples do 

no t  l end  themselves r e a d i l y  t o  t h e  repea ted  thermal  c y c l i n g  which i s  necessa ry  

w i t h  t h e  T h e l l i e r  technique .  

I t  w a s  i n  an  e f f o r t  t o  f i n d  ways of minimizing such  d e l e t e r i o u s  thermal  

e f f e c t s  t h a t  w e  began our i n v e s t i g a t i o n  under NASA sponsor sh ip  i n  1971. 

During t h e  course  of our e f f o r t s  we worked both w i t h  m e t e o r i t e s  ( p r i m a r i l y  

carbonaceous c h o n d r i t e s )  and l u n a r  samples. 

mos t ly  aimed a t  e s t a b l i s h i n g  t h e i r  opaque mineralogy and developing means of 

d e c r e a s i n g  t h e  adve r se  e f f e c t s  due t o  h e a t i n g ,  w i t h  t h e  hope t h a t  t h e s e  

techniques  could be a p p l i e d  t o  thermal exper iments  i nvo lv ing  l u n a r  samples. 

The work wi th  m e t e o r i t e s  w a s  
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Meteor i t e s  

I n  a l l ,  w e  thermomagnetically examined 4 1  p r i m i t i v e  m e t e o r i t e s  of 

classes C 1 ,  C 2 ,  C3 and C 4  c h o n d r i t e s  (Larson and o t h e r s ,  1974; Watson and 

o t h e r s ,  1975; Herndon and o t h e r s ,  1976) by means of a modified Cahn 

microbalance (Larson and o t h e r s ,  1975). To reduce t h e  a l t e r a t i o n  of magnet i te  

i r o n  and n i cke l - i ron  g r a i n s  dur ing  measurement of changes i n  s a t u r a t i o n  

magne t i za t ion  w i t h  temperatur-e (J -T), w e  flowed a mixture  of H2  and C02 ( i n  

an  N 2  carrier g a s )  p a s t  t h e  s a m p l e .  The p a r t i c u l a r  oxygen f u g a c i t y  ( f 0 2 )  of 

t h e  gas  mixture  could  be v a r i e d  i n  real time by changing t h e  p r o p o r t i o n s  of 

H2/C02. 

v o l t a g e  pu t  ou t  by a n  y t t r i a -doped  z i r c o n i a  tube  p laced  a d j a c e n t  t o  t h e  

sample,  a method p r e v i o u s l y  developed by high-temperature exper imenta l  

chemis ts  (Sa to ,  1971; Nafz iger  and o t h e r s ,  1971). For s a f e t y  reasons  w e  d i d  

n o t  u s e  pure H2, bu t  mixed i t  w i t h  N2, never  p e r m i t t i n g  a mixture  r i c h e r  t h a n  

21% H2. 

and magnet i te  i n  a reducing  atmosphere only  a t  tempera tures  above 300°C. 

F o r t u n a t e l y ,  below t h a t  tempera ture  r e a c t i o n  rates are r e l a t i v e l y  slow, e x c e p t  

f o r  f i n e l y  d iv ided  material. We were a b l e  t o  demonst ra te  t h a t  t h i s  system i s  

f a r  s u p e r i o r  t o  a vacuum f o r  c o n t r o l l i n g  o x i d a t i o n  o r  r e d u c t i o n  dur ing  h e a t i n g  

of a sample .  

S 

The f 0 2  could  be monitored dur ing  t h e  experiment by measuring t h e  

A f low of 21%H2/79%N2 was adequate f o r  main ta in ing  i r o n ,  n i cke l - i ron ,  

I n  a d d i t i o n ,  w e  s i m i l a r l y  cons t ruc t ed  f u g a c i t y - c o n t r o l l e d  f u r n a c e s  f o r  

u s e  i n  heatng and coo l ing  samples i n  a z e r o  o r  known f i e l d  (Watson and o t h e r s ,  

1974). S ince  t h e  t i m e  of our i n i t i a l  u se  of f u g a c i t y  c o n t r o l l e d  sys tems,  

s e v e r a l  o t h e r  pa leomagnet i s t s  have followed s u i t .  There now are  u n i t s  a t  

P i t t s b u r g  Un ive r s i ty  (Schmidt),  Un ive r s i ty  of Wyoming (Sh ive ) ,  and Toronto 

U n i v e r s i t y  (Strangway). 

It became appa ren t ,  however, through our work on m e t e o r i t e s  and 

s y n t h e s i z e d  samples, t h a t  gas-mixing a t  one atmosphere p r e s s u r e  is  i n e f f e c t i v e  

i n  c o n t r o l l i n g  t h e  breakdown of high-vapor-pressure c o n s t i t u e n t s  l i k e  t r o i l i t e  

(FeS). During h e a t i n g ,  t r o i l i t e ,  p a r t i c u l a r l y  i f  f i n e l y  d i v i d e d ,  d i s s o c i a t e s ;  

s u l f u r  l e a v e s  t h e  s y s t e m  and i r o n  (o r  i r o n  ox ide )  forms (Larson and o t h e r s ,  

1974; Watson and o t h e r s ,  1975; and Nerndon and o t h e r s ,  1976). Breakdown can 

begin  j u s t  above 100°C i f  t h e  t r o i l i t e  g r a i n  s i z e  i s  very small. That h e a t i n g  

can b r ing  about t h e  format ion  of a d d i t i o n a l  f e r romagne t i c  m a t e r i a l  w a s  

suspec ted  soon a f t e r  i n v e s t i g a t i o n  of t h e  f i r s t  r e t u r n e d  l u n a r  rocks  when i t  
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was found t h a t  l u n a r  b r e c c i a  and s o i l s  c o n t a i n  3 t o  4 t i m e s  t h e  amount of i r o n  

found i n  l u n a r  b a s a l t s  ( F u l l e r ,  1974) .  Houslay and o t h e r s  (1973)  and Pearce 

and o t h e r s  (1972)  cons idered  t h e  i r o n  t o  r e s u l t  from r e d u c t i o n  of i ron - r i ch  

s i l i ca t e  g l a s s  formed dur ing  me teo r i t e  impact. I n  l i g h t  of our  r e s u l t s ,  i t  

would seem t h a t  i r o n  format ion  through breakdown of t r o i l i t e  dur ing  and 

fo l lowing  a shock even t  is a process  j u s t  as o r  even  more l i k e l y  than  t h a t  of 

r e d u c t i o n  of s i l i c a t e  g l a s s .  

Our s o l u t i o n  t o  i n h i b i t i n g  FeS d i s s o c i a t i o n  dur ing  h e a t i n g  involved  

e n c a p s u l a t i o n  of t h e  sample i n  a s e a l e d  v e s s e l  where p r e s s u r e s  developed 

dur ing  t h e  experiment would be s u f f i c i e n t  t o  r e t a r d  b o i l  o f f  of s u l f u r .  

Sea led  p l a t inum and go ld  tubes  were found t o  be d i f f i c u l t  t o  f a s h i o n  and 

l a r g e l y  i n e f f e c t i v e .  Evaporation of s e v e r a l  l a y e r s  of g o l d  on t h e  samples 

a l s o  proved t o  be inadequate  inasmuch as small h o l e s  i n  the coa t ing  always 

p e r s i s t e d .  F i n a l l y ,  w e  t r i e d  encapsu la t ion  of t h e  sample i n  a small evacuated  

s i l i ca  tube  i n  which, a f t e r  t h e  s a m p l e  is  in t roduced ,  a s o l i d  s i l i c a  rod  is 

f i t t e d  i n t o  t h e  c e n t r a l  tube vo id ,  thereby  f u r t h e r  reducing  t h e  volume of t h e  

sample chamber (See F igu re  1). 

Sample 
I Fused I end 

Fused end \ 
Silica filler rod 

Sample encapsulation in 
silica tube 

Thi s  method when used i n  cor?junction w i t h  gas  mixing appears  t o  be a 

s t e p  i n  t h e  r i g h t  d i r e c t i o n .  A l t e r a t i o n  of powdered m e t e o r i t i c  t r o i l i t e ,  

t r o i l i t e - r i c h  carbonaceous chondr i t e s  ( f o r  example, Allende) and s e l e c t e d  

l u n a r  samples have been e s s e n t i a l l y  e l i m i n a t e d  by a p p l i c a t i o n  of t h i s  

procedure  p r i o r  t o  ,-T a n a l y s i s .  

is c l o s e d ,  i t  i s  p o s s i b l e  f o r  t h e  gas environment sur rounding  t h e  tube  t o  

a f f e c t  t h e  oxygen f u g a c i t y .  For example, a l u n a r  sample p rev ious ly  hea ted  i n  

a i r  t o  200°C dur ing  measurement of i t s  d i e l e c t r i c  p r o p e r t i e s  was encapsu la t ed  

and examined by Js-T analysis 

I n t e r e s t i n g l y  enough, even though t h e  tube  

. A cons ide rab le  component of magnet i te  
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(Tc=58O0C) was a t  f i r s t  n o t i c e a b l e  i n  t h e  a n a l y s i s .  Flowage of 21%H2/79%N2 

on ly ,  reduced t h e  Fe304 t o  i r o n .  

en r i ched  i n  C 0 2  and magnet i te  a g a i n  became d e t e c t a b l e .  

Subsequently,  t he  gas  mixture  w a s  r e l a t i v e l y  

A mod i f i ca t ion  of t h i s  encapsu la t ion  system i s  now being used i n  

p a l e o i n t e n s  i t y  exper imenta t ion  a t  Tor on t o  Univers i t y  . 
By means of Js-T a n a l y s i s  of encapsula ted  and unencapsulated samples i n  

a c o n t r o l l e d  gas-buffered atmosphere w e  were a b l e  t o  determine t h e  major 

magnetic and p o t e n t i a l l y  magnetic c o n s t i t u e n t s  i n  a l l  4 1  carbonaceous 

c h o n d r i t e s  w e  ob ta ined .  Moreover, by c a l i b r a t i o n  of t h e  balance,  w e  were a b l e  

t o  a c c u r a t e l y  e s t i m a t e  the  magnetic s a t u r a t i o n  moments and subsequent ly  t h e  

weight  percentages  of t h e  magnetic c o n s t i t u e n t s .  

I n t e r e s t i n g l y  enough, a l l  C 1  chondr i t e s  c o n t a i n  only  pure magnet i te  

(Fe304) i n  amounts t h a t  vary from about  8 t o  11 w t % .  

variable--some c o n t a i n  only  magnet i te ,  some magnet i te  and i r o n ,  and some 

e s s e n t i a l l y  no magneticmineral .  Most, p a r t i c u l a r l y  those  con ta in ing  l i t t l e  

f e r romagne t i c  m a t e r i a l ,  c o n t a i n  r e l a t i v e l y  l a r g e  amouts of f ine-gra ined  

t r o i l i t e .  

mine ra log ic  makeup. 

some Fe304 and n i cke l - i ron  ( 6-8%Ni). 

C2 chondr i t e s  are 

C 3  and C4 c h o n d r i t e s  are a l s o  h igh ly  v a r i e d  i n  t h e i r  magnetic 

Some con ta in  only Fe304, some Fe304 and t r o i l i t e ,  and 

I n  view of t h e  v a r i a t i o n  i n  phys i ca l  makeup and opaque and non opaque 

mineralogy i t  is probably s a f e  t o  conclude t h a t  t h e  o r i g i n  of t h i s  m e t e o r i t e  

group is  no t  s i m p l e  (Herndon and o t h e r s ,  1976). For t h a t  reason ,  i t  is  

suspec ted  t h a t  p a l e o i n t e n s i t y  estimates, many based on thermal  s t u d i e s  i n  

which gas  c o n t r o l  and encapsu la t ion  were not  used,  are g e n e r a l l y  ques t ionab le  

r e l i a b i l i t y .  For those  s a m p l e s  t h a t  c o n t a i n  l a r g e  amounts of f ine-gra ined  

t r o i l i t e ,  s t anda rd  T h e l l i e r  type experiments would be n e a r l y  hopeless .  For 

t h e s e ,  i r r e v e r s i b l e  breakdown of FeS to Fe304 o r  Fe begins  nea r  100°C and 

p r o g r e s s i v e l y  i n c r e a s e s  wi th  temperature.  B u t l e r  (1972) and Banerjee and 

Hargraves (1972) a t tempted  t o  use  thermal techniques  on t h e  C3 Allende 

m e t e o r i t e  but were fo rced  t o  d i scon t inue  t h e i r  experiments  a t  tempera tures  of 

150°C and 130"C, r e s p e c t i v e l y ,  because of d e l e t e r i o u s  breakdown e f f e c t s .  They 

none the le s s  made estimates of t h e  p a l e o i n t e n s i t i e s  on t h e  b a s i s  of t h e  low- 

tempera ture  p o r t i o n  of t h e  demagnet izat ion-remagnet izat ion p l o t .  Low- 

tempera ture  components such as these  could  have had a v a r i e t y  of modes of 

remanence a c q u i s i t i o n  and t h e r e f o r e  t h e  p a l e o i n t e n s i t y  estimates are h i g h l y  

suspec t .  
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According t o  Nagata (1979) t h e  most r e l i a b l e  p a l e o i n t e n s i t y  estimates 

are de r ived  from a n a l y s i s  of t h e  extremely s t a b l e  remanence i n  C1 chondr i t e s .  

Yet, t h e s e  are non e q u i l i b r i u m  mixtures of exterrestrial  d e b r i s  which has  

undergone minimal h e a t i n g ,  metamorphism, and compaction. A s  i s  e v i d e n t  from 

t h e i r  v o l a t i l e  and mine ra log ic  makeup they  a p p e a r  t o  have undergone l i t t l e  o r  

no h e a t i n g  above 100°C. The i r  remanence can h a r d l y  be termed TRM but  must be 

some admixture of DRM, CRM and even IRM. A l l  p a l e o i n t e n s i t y  s t u d i e s  of C1 

c h o n d r i t e  assume t h a t  t h e  remanence is  a TRM. L i k e l y ,  t h e  r e s u l t s  t o  d a t e  are 

e s s e n t i a l l y  meaningless. 

Lunar S t u d i e s  

R e l i a b l e  p a l e o i n t e n s i t y  e s t i m a t e s  based on a n a l y s i s  of l u n a r  rocks  no 

doubt c o n s t i t u t e  t h e  p o t e n t i a l l y  mos t - s ign i f i can t  in format ion  o b t a i n a b l e  by 

t h e  paleomagnetic community. However, l u n a r  samples,  l i k e  m e t e o r i t e s ,  are  

ve ry  d i f f i c u l t  rocks  t o  work w i t h  dur ing  thermal  experiments.  They c o n t a i n  

v a r i a b l e  p ropor t ions  of i r o n ,  n i cke l - i ron ,  t r o i l i t e ,  i l m e n i t e ,  chromium u lvo  

s p i n e l ,  and t i t a n i u m  chromite,  i n  an unknown s t a t e  of equ i l ib r ium.  I f  

d e l e t e r i o u s  e f f e c t s  du r ing  h e a t i n g  a r e  t o  be avoided i t  is  now clear  t h a t  they 

must be encapsu la t ed  and subsequent ly  hea ted  i n  a gas-buffered fu rnace .  

Unfo r tuna te ly  many (probably n o s t )  of t h e  pub l i shed  p a l e o i n t e n s i t y  estimates 

are based on s t u d i e s  i n  which a l t e r a t i o n  sa fegua rds  were min iua l :  samples 

were simply hea ted  i n  a i r  o r  i n  vacuum. It i s  no wonder t h a t  t h e  i n t e n s i t y  

estimates are so  c o n t r a d i c t o r y .  

We have examined a few of t h e  samples  used dur ing  t h e  e a r l y  era of 

p a l e o i n t e n s i t y  measurements by the Strangway and Runcorn groups (Larson, 

1978). 

as n a t u r a l  analogues by means of which w e  could  e v a l u a t e  t h e  most advantageous 

way of thermal ly  t r e a t i n g  samples. We found, by means of p e t r o g r a p h i c  

o b s e r v a t i o n ,  t h a t  t h e  degraded s a m p l e s  had been v a r i a b l e  bu t  e x t e n s i v e l y  

a f f e c t e d  by o x i d a t i o n .  

t r o i l i t e  has  s u f f e r e d  breakdown. Even u l v o s p i n e l  showed o x i d a t i o n a l  e f f e c t s .  

Because of t h e  obvious thermal deg rada t ion  of t h e s e  samples,  any 

p a l e o i n t e n s i t y  e s t i m a t e s  de r ived  from them must be viewed w i t h  susp ic ion .  

We i n i t i a l l y  thought t h a t  degraded samples such  as t h e s e  could  s e r v e  

Magnetite and even hemat i t e  ( Fe203) were common and 
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To tes t  t h e  u t i l i t y  of more s o p h i s t i c a t e d  techniques  w e  encapsu la t ed  

some of t h e  degraded material and sub jec t ed  i t  t o  Js-T a n a l y s i s .  

h i g h  tempera tures  ( 8 O O O C )  brought about i r r e v e r s i b l e  changes i n  the 

s a t u r a t i o n  magnet iza t ion  curves.  Some i r o n  a p p a r e n t l y  a l l o y e d  w i t h  a v a i l a b l e  

e lements  t o  produce mine ra l s  of h igh ly  unusual Cur ie  tempera tures  and 

s a t u r a t i o n  c h a r a c t e r i s t i c s .  Thermal r e c y c l i n g  brought about  a r e c q u i l i b r a t i o n  

a f t e r  which no f u r t h e r  changes occured. The r e s u l t s  of t h e s e  experiments 

sugges t  t h a t  thermal ly  degraded s a m p l e s  are n o t  s u i t a b l e  f o r  meaningful 

p a l e o i n t e n s i t y  reexper imenta t ion .  They cannot s e r v e  as l u n a r  analogues and 

a re ,  t h e r e f o r e ,  l a r g e l y  l o s t  t o  t h e  magnetic community. 

Heating t o  

It i s  hoped t h a t  i n  t h e  f u t u r e ,  i f  l u n a r  samples are t o  be hea ted ,  

s a fegua rds  such  as gas  mixing and encapsu la t ion  w i l l  be used, such as i s  now 

being done a t  Toronto U n i v e r s i t y  under t h e  guidance of D r .  D. Strangway. 

Sug iu ra  and o t h e r s  (1978)  have r epor t ed  some of t h e  new a t t e m p t s  a t  Toronto t o  

estimate t h e  pa l eo luna r  f i e l d .  I n  these  s t u d i e s  they  used on ly  gas-mixing 

f u g a c i t y  c o n t r o l .  I n t e r e s t i n g l y  enough, none of f i v e  l u n a r  samples  could  be 

shown t o  c o n t a i n  a r e l i a b l e  high-temperature remanence component and they  were 

unable  t o  make any p a l e o f i e l d  e s t ima tes .  The remanence i n  s e v e r a l  samples 

d i sappea red  a t  about 400°C o r  l e s s  and they conclude t h a t  t h i s  low-temperature 

component may have been acqu i red  dur ing  impact even t s .  

P r e s e n t l y ,  t h e  Toronto group is a d d i t i o n a l l y  us ing  encapsu la t ion  and i t  

w i l l  be i n t e r e s t i n g  t o  see what t h e i r  new r e s u l t s  w i l l  be. 

P o s s i b l e ,  a t  some t i m e  i n  t h e  f u t u r e ,  w e  w i l l  be a b l e  t o  perform the rma l  

exper iments  wi thout  o v e r l y  degrading t h e  sample. A t  t h a t  t i m e ,  w e  w i l l  have 

t o  f a c e  t h e  problem of how t h e  l u n a r  rocks  acqu i r ed  t h e i r  magnet iza t ion .  f o r  

a l l  p a l e o i n t e n s i t y  techniques  are bzsed on t h e  f u n d m e n t a l  a s s u q t i o n  t h a t  t h e  

remanence i s  s o l e l y  a TRM. I f  t h a t  is no t  s o ,  and t h e r e  are many r easons  t o  

q u e s t i o n  t h e  assumption, then  we w i l l  have fough t  ha rd  f o r  a technique  t h a t  

w i l l  produce meaningless r e s u l t s .  
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